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Voltage Control for DC Microgrid Based on Nonlinear Non-affine Model
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Abstract: A novel voltage regulation and maximum power point tracking (MPPT) control for DC microgrid
composed of PV panel, battery, constant resistance and constant power loads was proposed. A dynamic model of the
DC microgrid system described by a multi-input and multi-output nonlinear system with non-affine inputs was
derived. Based on this nonlinear dynamic model,a local state feedback controller was designed used output regulation
theory, which can regulate voltages to prescribe set points and maximize PV power output. The global set point
regulation of non-affine systems was also studied by using passive system theory and Lyapunov stability theory. The
effectiveness of the proposed control schemes was investigated using simulations when changes in both illumination
and load.
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Fig.1  The DC microgrid system configurations
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Fig2 The circuit of DG microgrid system
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22 HWEIEHEIREGIZIT

FE2.0 T BRI T — AN T AR
WIS R AR o SR, ARG R R Ok ]
ARG TAETERRAS TAF SR e s 7E 1 7 o B
RS A AR B, RS IR i B A S A A
B, P RETC IR S IR A s . O TR — AR
8 W 13 4, B0 A FH A SCRk[15] P o & ok 8h &
SRR . AT R B SR
T 445 1) SR W 2 S L U AR X R 4 ) R {1 O
W, H, E LD RRE R %, =« -
!t = - ow R EUE A AR« Fl w43 )
NARGRSIRSHEERE . @ (%) HEFIES o
5a(0)= O S#EdE Z o K, PR B
B P AT LR S Z A A RGN
i=f(X)+ g, (R)a + gu(R)a2 (21)

0ol

x®+

[~]

Hr

gx(2)=[0 0 0 0 0

- (& + )
3

£, ()= OTERR T i\i, = 33T
S5 A BEL = O 5 1 A TR
A K RN

1 1 1 |
V()= L% + - Cx5 + L35 + ECzﬁ +

2 2 2
L (22)
2 2
NP
02 ~2 ~2
LV ()= = e (- = g R g
<0
(23)

KL Ahiks I H A

XA a, e HHIEFER, H(e™ - 1)z, 20,
PRI, B AE @ = 0 2 2 R E i . LAh,
IERESES =Y Py

VX, —x X,

[L. V()= —0iE, AT,

X5 Xy =035 + 2R, (1= 03) (%5 +x5) %

(24)

Ly A RiAs B H TR E

e Rt L V(8) = 0= 2= 0,5 £ 0]
A7 55 R R I AT A S A ] S B 4
SRIBURSVER

o L V@]

I,y (E) (25)

i(3)=-a
Aorbreo(@) HEEHIHE,
3 A5 BT

FEATT T FRATTGE L3R 9 ol e 9 vk
T BB 5E . 05 5P 5 24 Matlab/Simulink , B i
T R B 280N T 2 L=L,=L,=5 mH; C,=200 p.F,
C,=2 000 pwF, C,=300 wF; R=144 Q, R,=9 Q,
R,=10°Q,R =10 Q,r=1 Q; E=48 V; FAE % % ¢=
1.6x107,k=1.38x10",a=0.767,1,=10° A ,8=0.05;
v,,0, IS N [v; v3]=[120 28], A7V,
3.1 FLMEETIEHSENHERIE

BEE WA B ZE ], — I R B4R R 2 A2 4k
T B ff ANAR |, 55— 2 671 g il K PH A IR 19 28 4k
A4k .
3.1.1 OB R A ARSI

FEBLAL T, R BH % R A A S 504 2 1 1
LR e IR AR A AR e = 0 s B, ELIR AR
W 4b FRa 2, PVl ik MPPT 45461 7= A s i 1, , 10
Wl,=9A,PVEIINH RV, =3577 V,PVIIHE
P =306.5 W; 7 1= 0.2 s fiF, S IR BN, 1,
BN, B 4 AL BT MPPT#EH6I#Y PV i i v,
JE VB % 3438 V, PV I R [ & 1307 W 1E =
0.4 s B, 2R AR W BOG IR G 1= 0, 72 X B i i
T, PV it B R T SR A B R 5 M= 0.6 s F]
1= 0.8 s, KFHAR IR BB WK R . Aoy 4k
Sl S AR L v s R

] 4~ & 6 Sy 3T PLEE il 7 i (0 ) EL45 SR A
BN LI O A T 1 2 G R L A TR R R
FIOGAR A t0 LTS 5 4,5 Vi 1 RV, 20 500 O il B i



W

TR, A T AR R AR SR A 6 Bl ) B R ) O ok WA 20224 £ 524K £ 10

LU L ELR R A AU SRR R T sy, BSCHABR Bl 22X PV i i SRS M i

My 739 R AR i 1~3 1 25 F o PSS R R GRS B R R s
e —] P 7~ P09 O 6 T AR b P i) O VA 1 D5 B2
<
:_; S5r 1 %F/glo
0 10

0.1 02 03 04 05 06 07 08 009

1,/A

5+

<
=z 0 . ] % 01 02 03 04 05 06 07 08 09 1
I — ,

~10 . . . h N . . . . ‘
0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 < 5L 1 ‘ ]
50 ! . I ’ j N I '- H < o q
>
e + _ X r i
~ 0 01 02 03 04 05 06 07 08 09 1
s . . . | | | | | 40 : — . : . —
=% 01 02 03 04 05 06 07 08 09 Z 20} I ]
tls z
N
N 0
K4 PRI ] _
Fig.4  Dynamic performance of PI control 0 0.1 02 03 04 /0-5 06 07 08 09 1
t/s
aF . - . v . . r v 1 : , N
< g ] P77 ARt s s i RO R
~ _(2): | I i I ; ] ] Fig.7  Dynamic performance of nonlinear control
0 0.1 02 03 04 05 06 07 08 09 1

120 - A— < 4 ‘ T y . — :
§= 118} V V ] . (j) {IL_\ ]
0

0.1 0.2 03 0.4 05 06 0.7 0.8 09 1

0 0.1 02 03 04 05 06 07 08 09 1

e e 120! I\
3.10
<305 ] 2
St — s VYV
0 01 02 03 04 05 06 07 08 09 I 0.1 02 03 04 03 06 07 08 05 1
28.0: - ) - y - \ - e 3.107 1
= <305 4
Y | si [
e 0 0.1 02 03 04 05 0.6 0.7 08 09 1
tls 28.0! - \ ) - ‘ - N—
s 2 Vv
Bls  PLEEHITASC S M A4 X275
Fig.5 Dynamic characteristics of parameters under PI control 27901 02 03 04 /()‘5 0.6 07 08 09 1
t's
1
ol I8 AELAER T A S A
] 0.8 ] Fig.8 Dynamic characteristics of parameters
0.70 51 02 03 04 05 06 07 08 05 1 under nonlinear control
0.4 T —T— I — —
0400 < 08 ;
0.38 . } A
0366702 03 04 05 06 07 03 09 1 06 07 02 03 04 05 06 07 08 09 1
2 T T T 0.4 T T T T :
. .. 0.400
By | B
0.38F
(V)8 i i 1 ] i i ] ] 0.36 " s e L " L
0.1 02 03 04 /0.5 0.6 0.7 0.8 0.9 0.1 02 03 04 05 06 0.7 08 09 1
t/s
2
e 5z Tl E S g &l
5 1
Fig.6  Waveforms of the duty cycle signals N
— 8 of | i i i i i R
Wit E 4 ~E 6 AT AT, T T REFL 4% 0002 03 04 05 06 07 08 09 1
t's
AIN Y- BB A v -2 XiEl . et
Eﬂﬁﬂ&xpvfﬁ,mgﬁg,ﬁblb/)%EE‘ETEEEIZO V. O AELbbEEs R 525 s S &
J _ AN 27 2
EE{)[ETZEI— 0 H#?EEE s Bﬁ% PV %u Hjljj$‘l: Ig%ﬁﬁﬁi Fig.9 Waveforms of the duty cycle signals
EE. o EE ?E?}ﬁgﬁ EEHS:I%TEKE B"J s Uy IEI%XHE{E . I/J g’& u, ,u, and uy under nonlinear control
Fet i I o it ml O, PLAE ) SSCR ARG 85 22 Hi P81 7~ &1 9 w] LR MY, 70 AR 2k B ot 42 1l

TE 1= 0.4 s 5, PV % H FL TR RE Bl 35 ' PR T T, PV A g8 i) LU & AR , i PV 5 ) fL

T AGH AR, T A A B R AR PREERRE .

EAE L) KB/ b A e B = A R i . IR AR fk B R A R AR e AN S L i e
7



wAEF 2022F F£52K H104

TR, E AT KA SR 6 B sl M b RIS ok

AR R P G M USRI T BB R, 4R
PR R i 28 (&9 HR Y w, ) AXTE PV B 4 2% i
FH i BE A B2 (1 9 Hp 1Y) wy ) RN A7 2R A 42 (&
O [ way ) fofF A 1] A9 £ 42 il 2% (X EE T 6 7R A
w, Flug) o XS0 PR o 5 58 N ELIR BEER L
B A AR SR

ARG R o] P A K HRUE I T

-001 0 0 0 0 O
K= 0 00 0 0
0 00 0 0

3 LR FH A T 2 A IR A B s il 4 L O HL
B RG T RA— RS, Bl b b
AR LR 1 B 45 0 B 2 X B 7E T PV it LR R FR
i, BV, AL o3 S s 4 R T B
3.1.2 g R A

ARG, 7E K BH A R LR AN AR 9 1 O
T, e an AR AR AR =0 s B B )
FOEBAT, PV i th e KT % Bt IE A2 ST 5 0=
0.2 i}, FRZR T mr i (R, M 144 Q FRES] 60 Q) 5
TE 1=0.4 s I, 67 Fiif 28 SR 38 i (B3 585 R, L 9 Q
B 15 Q). K 10~E 12 8 PTEEH 5 ey B4

0
0

HE
36.0 - , . .
> 35.8¢ AN
235,60/
35.4
0 01 02 03 04 05 06
121 .
> 120 AN
X ]19¢ V
118, 01T 02 03 04 05 06
32 :
> 30
~ 28 -
26 01T 02 03 04 05 06

tls
FI10 PIEE N OGIR U (B | ffr B0 SL IO

Fig.10  Simulation waveforms of V, ,V,,V; under Pl control

8.7 T
<
586 !\
~
o — v p— X p— - me— 7 Mo —
< [\—\k
3 _1h ]
N
ok ) |
0 0.1 0.2 0.3 0.4 0.5 0.6
3F — ‘
<2 L__
~
ly D02 050401506
tls
11 PLESH R AR AERE LI L 07 FRL R ST
Fig.11  Simulation waveforms of ]ph o1, -1, under PI control

8

u,

0 0.1 0.2 03 0.4 05 0.6

0.1 0.2 03 0.4 05 0.6

0.1 0.2 03 0.4 05 0.6
tls

B2 fdias sl S e E (PrE )

Fig.12  Waveforms of the duty cycle signals (PI control )

PRI Ay O B R 2 L 19, T L) PV B E
NAEALT AR RE ™ AR o R R BERE . E1=0 s,
ARG TR TARIRES , i EAE SE L 7E1=0.2 5
I, B SRR B, R I R LA D) RS-l
B 1=0.4 s I R, 972 AL , u, WBEZ A2 AL LLAR 15 111
AR, FL IR SCRIA I Y B R  1E 1=0.6 s I, | T
T AR AR T HARPRIE Y 10% , R GEBh A1

R 22 o I 13~ &1 15 AR e S 0o 4 il vk 14
HA R
36.0 , ,
35.8k N
< 35.6
~ 354
0 01 02 03 04 05 06
121 ,
> 120 AN
~ 119 V
118l ; 3 : : . |
0 0.1 02 03 04 05 06
28.4 '
> 28.2 L
K
28.0 : > J :
01 02 03 04 05 06

tls

P13 ARt FOLRRE B AR AT R

Fig.13  Simulation waveforms of V.V, , V; under nonlinear control

8.7 :
<
\/

8-% 0.1 02 03 04 05 06
< 0 -
| 1

_2 N . i . 4

01 02 03 04 05 06

3.0
< s

2.0 . . . ]

0 0.1 02 03 04 05 06
tls
[ P |22 1 2 o I N N ER AN AT AR R AR RN )

Fig.14 Simulation waveforms of Iph .,

bat

,I; under nonlinear control



TIHH, AT AR R AR AR A 6 AL R b R R O

WA 20225 H524 1o

0 0.1 02 03 04 05 06

0 0.1 02 03 04 05 06
1.0

o 0.9
)
0.8

0% 0.1 0.2 03 0.4 05 0.6

tls
FI15 s sl 5 5 R 16 (IE Rt fE )

Fig.15 Waveforms of the duty cycle signals (nonlinear control )
JEZet S it il v AR KB T
0O 000 0 O
K=/0 0 00 0 O
0 0 OO 04 0

HE10~F 12 i, fEAR e OB A T, gk i
FEAN G 2 L R AS PR REAS 2 T B B G
32 #HEhEHISENAERIE

AR {5 B A B R S SRR RN AR PV
) R IR AT PR AR AR (PR SR ) R TE
1=0 B, M85 R GeR A 1 S D PR i 25 AR S
o %42 B RS A, & BB HR 4 F 2[5 10 5
10 5 10]. & 16 & 17 4 4% sl 45 il 4% 69 05 22 0k
T o U A5 SR T 9 Sh I3 25 12 1 48 0 1T L

WM RGEREE=IF, &, - %) BFAS
10
0.1 0.15
tls

Fl16 HHRGREAS G F, 7,5, 108 A W R
Fig.16 Transient response of the states %,

%,,%5 of the closed-loop system

0.1 0.15

BT IR R GRS 2, 7, 7, HOET S B
Fig.17 Transient response of the states % ,,

%5,4 of the closed-loop system

[F] B, RGO v, 0, Mo, SEEE T 58 A BR R, 1T
i, M TR R L bRt .. Hr,
Xy, %, R %, 43 R PV B i FLI %, &5 FLE 53 0]
PV [ L

4 i

ARSCHIESE T AR At BE IR BELAE Dy 3 G i
LONER R G LN R AP & VAN R X - &)
P A4 Al AR 7 5 S AR T o A
Dy S BORETRY B 1T R A e 4 i 5 SRk S B
TR o R AR L b Y AR AE 2N S T
—Fof L R R T P A o r T R AR TR Y
BRI, 45 2R SRR o O T RIE RIS R AR RE
P, FATEE ] T —Fh R T8 3 i BTy i, B fE
S RBUEE I o S — Rk 45 2
UL,V B P, T AR Bl s A7 218 T X B
BRI B R AT 2 /19 . il i Matlab 4y
LI UE 1 F 4 0 7 b A e 42 1] 2 A9 1R RE
PASE B B4 B 05 ) 2 Rt A 05 BB 5, ik 1
PR i AR ) A R AR AT

Sk

[1] AL, TV BRI A O At AL B b o g 4 ) 5
W [J]. B S50, 2020, 50(5) : 75-80.

Yang Xuhong, Yin Cong. Coordinated control strategy of light
storage and DC microgrid based on islanding mode[J]. Electric
Drive,2020,50(5) : 75-80.

[2] Anand S, Fernandes B G. Distributed control to ensure propor-
tional load sharing and improve voltage regulation in low vol-
tage DC microgrids[J]. IEEE Trans. on Power Electron., 2017,
28(4):1900-1913.

[3] Backhaus S, Swift G W. DC microgrid scoping study opportuni-
ties and challenges[C)/IEEE First Int. Conf. on DC Microgrids
(ICDCM),2018:43-44,

[4] Bidram A, Davoudi A. Hierarchical structure of microgrids con-
trol system[J]. IEEE Transactions on Smart Grid, 2018,3(4) :
1963-1976.

[5]  Vuyyuru U, Maiti S, Chakraborty C, et al. A series voltage regu-
lator for the radial DC microgrid[J]. IEEE Trans. on Sustainable
Energy,2019,10(1):127-136.

[6] Tovine A, Siad S B. Nonlinear control of a DC microgrid for the
integration of photovoltaic panels[J]. IEEE Trans. on Automa-
tion Science and Engineering,2017, 14(2):524-535.

[7]1 Dragicevic T, Lu X, Vasquez J C, et al. DC microgrids part I:
A review of control strategies and stabilization techniques[J].
IEEE Trans. on Power Electron.,2016,31(7) :4876-4891.

[8] Dragicevic T, Lu X, Vasquez J C, et al. DC microgrids part Il :

(F#% 50 )
9



LA

AfEFH 2022%F F£52K H104

3 %% A F R BGRAAR AL

[4]

(5]

[6]

(7]

(8]

19

o  BEIGRL AR5 , 25 . G0 SV G 12 HEms S JE X AL
ARBFFEL]. AL FEI#A, 2014, 18(10) :36-41.

Yang Rongfeng, Sui Shunke, Xu Rong, et al. Research on cas-
caded SVG control strategy and dead-time compensation tech-
niques[J]. Electric Machines and Control,2014,18(10) :36—-41.
TR R, A, A L R BE HR R 1 TS A v
FL Y R P A0 455 1 S (D). o B P TR 4R L 2014, 34
(27):4621-4628.

Zhang Yongjun, Yao Zhicong, Wang Jing, et al. A direct current
capacitor voltage balancing control strategy for H-bridge cas-
caded static var generator[]]. Proceedings of the CSEE,2014,34
(27):4621-4628.

T BT, X, 45 = PR T R A s e
TS &30, 2020,50(6) :53-59.

Fan Qiming, Zhao Xiangbin, Liu Jianqiang, et al. The research
on compensation control for three-level static var generator{J].
Electric Drive,2020,50(6) : 53-59.

FHF, AEIBIE IR 55 G 1k 7] A0 A2 25 Bl A A T A
JrEE. P E LT R4, 2012,32(9) 1 1-6,21.

Wang Xuan, Xiong Chaoying, Fu Jian, et al. Dynamic modeling
of chain circuit STATCOM]J]. Proceedings of the CSEE, 2012,
32(9):1-6,21.

FH 2%, T8 25, X TR K . 06 HBF SVG B It ) PR 25 o Y- 17
P 0], AR ,2013,37(9) :2632-2638.

Tian Mingxing, Yan Hong, Zhao Yuxin. A balancing control
method of DC capacitor voltage for cascaded H-bridge SVG[J].
Power System Technology,2013,37(9) :2632-2638.

PR RS 5T SVG 43 T i s WF 5 (). FL A A%
501,2020,50(11) :47-53.

[10]

[11]

[12

—

[13]

Jia Yongbo.Research on sequential control strategy of SVG un-
der unbalanced load[J]. Electric Drive,2020,50(11) :47-53.
Luo R,He Y, Liu J. Research on the unbalanced compensation
of delta-connected cascaded H-bridge multilevel SVGI[]J]. IEEE
Transactions on Industrial Electronics, 2018, 65 (11) : 8667—
8676.

Chen H,Wu P, Lee C, et al. Zero-sequence voltage injection for
DC capacitor voltage balancing control of the star-connected
cascaded H-bridge PWM converter under unbalanced grid[J].
IEEE Transactions on Industry Applications, 2015, 51 (6) :
4584-4594.

ZRIGENE SR T IR KT, A5 R I o R AL AL e BB
SO — U D RE RE (L BT (0. B AR B A B4k, 2018,
42(9) :36-43.

Qin Xiaohui, Su Lining, Chi Yongning, et al. Functional orienta-
tion discrimination of inertia support and primary frequency
regulation of virtual synchronous generator in large power grid
[J]. Automation of Electric Power Systems,2018,42(9) :36-43.
TR, SRR, DR, A5 L BT R SR A — Y R
VSG i RS UL ¥ T k] W T R 58 A 31k, 2019,43(23) ;
202-216.

Zhang Bo, Zhang Xiaolei, Jia Jiaoxin, et al. Configuration me-
thod for energy storage unit of virtual synchronous generator
based on requirements of inertia support and primary frequency
regulation[]J]. Automation of Electric Power Systems, 2019, 43
(23):202-216.

Wk B :2020-10-27
&k H 91 :2020-12-10

33333333333 IFIFIIIIIIIIIIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIFIIIIFIIIIFIIFIIFIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIB >

(@ =F:3 2N

9]

[10

[11]

[12]

A review of power architectures, applications, and standardiza-
tion issues[J]. IEEE Trans. on Power Electron., 2016, 31 (5):
3528-3549.

Liu Z,Su M,Sun Y et al. Existence and stability of equilibrium
of DC microgrid with constant power loads[J]. IEEE Trans. on
Power Systems,2018,33(6) :6999-7010.

Siad S B, Malkawi A. Nonlinear control of a DC microgrid for

—

the integration of distributed generation based on different time
scales[J]. International Journal of Electrical Power & Energy
Systems, 2019, 111(6):93-100.

Roy T K, Mahmud M A. Nonlinear adaptive backstepping con-
troller design for islanded DC microgrids[J]. IEEE Trans. on
Industry Applications,2018,54(3) :2857-2873.

Huang Po-Hsu, Liu Po-Chun, Xiao Weidong, et al. A novel
droop-based average voltage sharing control strategy for DC mi-
crogrids[J]. IEEE Trans. on Smart Grid, 2018, 6 (3) : 1096—
1106.

50

[13]

[14]

[15]

Tovine A, Siad S B. Nonlinear control of a DC microgrid for the
integration of photovoltaic panels[J]. IEEE Trans. on Automa-
tion Science and Engineering,2018,14(2) :524-535.

gk e 0T, AF L 2 IR/ G0 I GO T Y B e A
B IR 5 10 5 32 0], A e e LT AR A 4R, 2014, 34.(31)
5553-5562.

Zhang Xue, Pei Wei, Deng Wet, et al. Energy management and
coordinated control method for multi-source/multi-load DC mi-
crogrid[J]. Proceedings of the CSEE,2014,34(31) :5553-5562.
Morstyn T, Savkin A V. Multi-agent sliding mode control for
state of charge balancing between battery energy storage sys-
tems distributed in a DC microgrid[J]. IEEE Trans. on Smart
Grid,2018,9(5) :4735-4743.

ek H I . 2020-11-15
ek H 9 . 2020-12-09





